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AB$TRACT 

Results are presented from Fermilab EL&IO on the production of charmed baqons and 
mesons at a mean energy of 640 GeV. We show evidence for the charm-strange baryon, 
5’: ( and present our measurements of ita mass, width, lifetime, cross section and relative 
branching fractions, and the A, ~1, p1, and particle/antiparticle dependence of the state. 
We show evidence for both the C:+ and e , and present measurements of three ma58 
differences, Cz+ - Cz , Cz - AZ , and C,++ - A$ _ Measurements of the A dependence 
and particle/antiparticle ratios for C, production are also presented. We show preliminary 
results on the ratio of two decay modes of the 00, D“ ---t K+K- and 00 * Ko%. The 
latter mode has not been previously observed. 
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INTRODUCTION 

The E400 spectrometer, shown in figure 1, is a large acceptance spectrometer located 

in the broadband 0” neutron beam at Fermi National Accelerator Laboratory. The neutron 

energy spectrum is triangular in shape, with a most probable energy at approximately 640 

GeV. 

The detector’s strengths are its ability to reconstruct events with high multiplicity 

(up to 20 charged tracks) with good pion/kaon/proton identilication (3 Cerenkov counters 

with 34 cells each) and with an extended K. and A decay volume. Protons are uniquely 

identified from 20 to 80 Gev, while unique kaon identification extends from 10 to 40 GeV/c. 

Neutral kaons and lambdas are reconstructed if they decay at least 15 cm downstream of 

the target and upstream of the center of the second analyzing magnet. 

The experiment was run with three different targets (thin wafers of W, Si, and Be in 

a common vzmum) separated along the beam by 2.5 cm. A thin instrumented Si target 

wafer followed the target stack. Long-lived charm decays which occurred primarily in the 

space between target segments were detected by a high resolution vertex MWPC consisting 

of 9 planes of wires with a 250 p pitch in 3 views.’ 

There were three calorimeters. The summed response of the lirst two calorimeters 

(made respectively of leaded glass and steel-scmtillator and containing a small beam hole) 

comprised our minimum energy trigger. A third calorimeter was used to measure energy 

passing through the beam hole. The entire system provided a resolution of UE/E= 14%. 
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DATA SET 

The results to be discussed come from a sample of approximately 45 million events. 

The primary trigger was a coincidence between a target region scintillation counter and 

two coincidences in a downstream scintillator hodoscope (HxV). Ninety percent of the 

data was recorded with additional requirements: a) A minimum neutron energy of 265 

GeV. b) A minimum multiplicity of 4 charged tracks. c) A deposited charge in the most 

downstream silicon target equivalent to 2 or more charged tracks. d) At least 1 charged 

kaon with momentum over 21 GeV/c traversing the entire detector.3’4 For these triggers 

we found all charged tracks and a common vertex, then performed a Cerenkov counter 

analysis and searched for all If, and A candidates. Finally all tracks were traced through 

the vertex detector. An acceptable fit to all chamber hits and timing information (our 

MWPC’s had recorded drift times) wa9 required for a successful link (about 90% efficient). 

The CERN Hyperon Group’ has previously reported on the observation of a long- 

lived, narrow state in the reaction (135 GeV) C- + Be -+ AK-lrfx+ + X at a maSs of 

2466 zlcl5 MeV/cZ with quark content (csu). We confirm this observation. 

We 6rst selected a clean sample of A’s (f14 MeV/c’ of nominal mass). Charged kaons 

were required to be uniquely identified, while pions were defined as any track which was 

not an elechon, kaon, or proton. If no particle identification was possible, the pion hy- 

pothesis was assumed. Lastly, we formed E,+ candidates by requirii the sign combination 

AK-%+a+ , requiring these tracks to Iii to the vertex detector, and requiring the A to 

have a larger momentum than either of the pions. In our Monte Carlo simulation of the 

production and (phase space) decay of the R$ , thii last condition was satisfied for all 

geometrically accepted decays. 

For each combination, all other tracks in the event were used to form the primary 

vertex. To remove the effects of other long-lived decays in the event, the primary vertex 

was constrained in s to the center of the nearest tzuget module. (The target thicknesses 

range from 300/r for W to 4ooO~r for Be.) The Kxr of the $ were fit simt&aneo~ly to 

a vertex constrained to a line following the SC momentum vector and lixed at one end 

to the primary vertex. The free parameters were the Knx track parameters and the z 

of the decay point. Candidates with unacceptable fits were removed from the analysis. 

We then computed the proper decay diitance zs = decay distance / 7. Except for error 

in the primary vertex, .zs would be momentum independent, since the decay vertex error 

scales with the decay candidate momentum. For low momentum (low I/) 2: candidates, 

the primary vertex error dominates the error of the decay vertex; a large component of 

the background satisfying a miniium cut on zs comes from non-charm candidates with 

z, < .15 . 
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Figure 2 shows the mass spectrum for S: candidates with 11 > .15 for increasing 

values of the minimum proper decay distance. As a+ is increased, two narrow peaks emerge 

above a smoothly varying background. We interpret this as two Cabibbo favored decays 

of the charm strange baryon: E: -+ AK-x+x+ and E:,’ -+ I?K-s+s+ ; Co -t yA. We 

have checked by Monte Carlo simulation that the effect of our detector resolution (o - 15 

MeV/c’ ) is to make the width of the two AK-x+x+ states nearly identical. The separation 

in mass should be 75 MeV/$ , corresponding to the energy of the missing gamma in the E: 

center of mass frame. These expectations are confirmed by the superimposed fits, composed 

of two independent gaussians and a second order polynomial background. Referring to the 

upper right plot a maximum likelihood fit yields a mass of 2459 Z!Z 5 MeV/c* for the higher 

mass peak and a mass separation of 76 +Z 8 MeV/c’ between the peaks. We estimate a 

systematic uncertain ty in the mass scale (checked by reconstuction of K,, A, 2-, R-, and 

Do) of 30 MeV/c’. The significance of the double peak system is 5.5 standard deviations. 

Our acceptance for the two decay modes is nearly identical, hence a ratio of the areas of 

the two peaks yields the branchiig ratio B(Zz -+ I?K-x+x+) / B(E$ -t AK-x+T+) = 

.84 f .36. 

- 2 2.2 2.4 2.0 2.0 3 2 22 2.4 2.0 2.0 3 
z: Mass (cd/c*) 

2. S:,’ lifetime developement 
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To increase the data sample, we elected to determine the Ez lifetime without use of 

the a, cut used in figure 2. Data were grouped into five bins of zr beginning at .01x cm 

(.40 ps). After extracting the signal and correcting for resolution we find the two decay 

modes yield consistent values for the lifetime; the combined lifetime measurement for both 

decay modes is .-iO+.‘s -,ra ps where the errors are statistical only. As a test of systematic 

errors we made a second determination of lifetime by fitting the proper time (measured 

from our minimum time of .40 ps) of Z: candidates within + 15 MeV/c* of the 2: mass to 

a pure exponential pIus a time distribution for background events (determined from mase 

sidebands) appropriately normalized. This method yields a combined lifetime of .46f:$ 

ps, or over twice the time evolution of the background events We quote the lifetime value 

from the first method with an additional systematic error of f.10 ps. 

The event sample of figure 2 with tp > .006 cm is shown in figure 3 divided into three 

groups, depending on the atomic number of the target. After extracting the number of Z$ 

decays we form the ratio o(n + & -t Zz + X) / U(S + Aj -+ S: + X) = (& / Aj)P and 

find o = 90 f .13 _ Our data suggests that 5:: production has a stronger dependence on A 

than does the total inelastic neutron cross section, and is consistent with A’.’ dependence. 
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To determine the functional form of dN / dzf we show in figure 4 the efficiency 

corrected event yields for both decay modes with zs > 036 cm assuming a lifetime of .40 

ps. Also shown is a fit to the data, using the functional form dN / dz, = (1 -a,)“. The fit 

gives n = 4.7k2.3 with a x2 of 1.8 for 4 DoF. The neutron luminosity was determined from 

the number of minimum bias triggers, corrected for scintillation counter efficiencies and 

final state topologies (all neutral or 1 charged track) which would not fire the trigger. The 

product of cross section times branching fraction (u . B) for both decay modes of the ST 

is 4.8 fib per nucleon for the 0. < zf < .6 interval. The statistical error is 33%. We have 

ascribed a systematic error of 25%, to cover uncertainties in our corrections of acceptance 

and luminosity. We of course use an A dependence of A.BO*.‘3, but the exponent error 

introduces yet another uncertainty in the E: cross section of +50% or -35%, where the 

correction is negative for a positive error in the exponent of A. We add the two statistical 

errors in quadrature to obtain a total error of w pb. To determine the pt dependence 

of :: production we require z, > .IS, divide the remaining candidates into three bins of 

pt, and extract the number of S: decays. After a modest (15%) efficiency correction we 

find a good fit to the form dN / dpf = N,-,czp(-bp:) with b = 0.97 f .21(GeV/c)-’ . 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 

4. dN / dzf w I, for 2: 
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We have also searched for the charge con jugate state 2:;. As figure 5 suggests, there 

is some evidence that the antiparticle is produced with a softer momentum spectrum (i.e., 

is attenuated more by a minimum z, cut) than is the E,f , although our measurement 

errors are large. We find R = Z$ / E:; = 1.1 f .5 for 0 < z, < .6, and R = 2.6 f 1.6 for 

.15 < z, < .6. 

125 

40 20 20 -91 10 FI 
0 1....1....1....1..., 

” 2 2.2 2.4 2.8 2.8 3 2 2.2 2.4 2.8 2.0 3 
z:= Yass (GeV/c’) 

5. Comparison of 2: and S; 

Several models5’6 exist where the mass differences within the E, Family arise from such 

effects as constituent quark masses, the color hyperfine interaction, and the QCD coulomb 

quark force. These models predict the E,, ++ - Cz mass differences varying from 1-6.5 

MeVJc’ to -18 MeV/ca . We report on a measurement of three mass differences, C:’ - I$ 

,C:-A,+,andE,++-A$, using essentially the same lifetime tagging techniques as just 

described. The latter two transitions arise from the strong decay of the charm baryon state 

c c , namely; E: -+ A$ + T- and C:+ + A$ + rr+ where A: + pK-r+ . (Note: from here 

on we use the convention that reference to a particle state implies the charge conjugate 



state also.) Because of the small mass difference between the E, and the AC , the mass 

resolution on the splitting is excellent, approximately 2 MeV/c’ , and is very insensitive 

to systematic errors in the mass scale. 

Particle identification was performed as follows. Protons were required to be uniquely 

identified as such. To extend the momentum range for kaon identification, they were 

accepted as either uniquely identified as kaons or ambiguous with a proton hypothesis. 

With thii criterion kaons were identified from 2.8 to 40 GeV/c. As before, all tracks not 

explicitly identified as kaons or protons were considered as pion candidates. 

Candidates for the AC were formed by requiring the sign combination pK-u+ , and 

requiring all three tracks to link through the vertex detector. As before we fit these tracks 

to a common vertex, codrained to lie on a line along the A, momentum vector and fixed 

at one end to the (a constrained) primary vertex of all other tracks. The proper decay 

length .er was then computed. E, candidates were formed by adding a pion to the AC 

candidates just described. In order to increase our efficiency, there was no requirement 

that the additional pion linked thru the vertex detector. Finally, to reduce the combinatoric 

background we required the charged multiplicity to be less than 12. 
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Figure 6 shows the mass difference M xz - MA+ in the AC mass region (2.280 < ML < , 
2.310) for increasing minimum proper decay lengths. A narrow peak with a width con&- 

tent with our resolution appears above a smooth background. The behavior of the state 

under these lifetime cuts implies an upper limit of 28 pa for the lifetime of the & , while 

the background fits a lifetime of about .17 ps. Also shown is a fit to the data. The fitting 

function consists of a gaussian signal plus a polynomial background. All four fits give the 

consistent result MC -MA? of 178.2 f .5 + 2. MeV/ c* where the first error is statistical 

and the second systematic. The statistical significance of the fits range from 3.7 to 4.5 

standard deviations. 

In figure 7 we show a similiar lifetime development, this time for the&with Me-Me 
= 177f 1.5 MeV/c2 . A clear A, enhancement is seen, with a ma+s of 2295f5 l 30 MeV/c* 

_ The event yields ss a function of minimum lifetime match the yields of figure 6. 
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In figure 8 we show similiar plots for the C,” , where the softer momentum spectrum 

of the C:+ required us to remove the constrained vertex cut. Again clear enhancements in 

both the &++-A: mass difference (at 167.4f.6&2. MeV/c* ) and the AC (at 2298f4f30 

MeV/c’ ). are observed. 

0.15 0.16 0.17 0.18 0.1s 
Yq - U& Cd/c8 

2.2 2.3 2.4 
& ha-4 cev/2 

8. C:++A:+X+;A:-+~K-~+:M x.++ - MA.+ and Mh 

We can use these two mass splittings to calculate the theoretically interesting ma45 

difference C:+ - CF , which we find to be -10.8 f 2.9 MeV/c* , outside the range of most 

theoretical calculations and also outside the range recently determined by the ARGUS 
, 

collaboration 

We have also determined the event yields for the e and C:+ as a function of A and Snd 

Cz production fits A.%.19 while C:+ is produced as A1.-sz2. The particle/antiparticle 

yields are C:+ / C;- = 1.38 f .80 and C: / q = 1.30 f 50. The A dependence and 

particle/antiparticle yields agree qualitatively with our observations of S.c production. 

DECAYS OF THE 00 

We turn now to the hadroproduction of charm mesons. We have new information on 

D and F charm meson production which for lack of time (and space!) I will be unable 

to report. I will restrict myself to a comparison of two decay modes of the Ds (obsenred 

through decay of the P into Des), Dc + K+K- and De -+ K&. The latter diagram 

is a forbidden decay at the quark level, and can only decay through hadronic final-state 

interactions. * These final state interactions may mix the K+K- and KCJ~ find states, 

hence the comparison. We show in figure 9 unambiguous evidence for the cabbibo supressed 

decay of the De into 2 charged kaons. 
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Figure 10 shown evidence for a simil ar decay into K,K,. You can count the events 

from the plot (there are about lo), the significance is 4.4 standard deviations. The two 

decay modes yield Do masses of respectively 1871 Jt 6 and 1872 + 6 MeV/cZ Similar 

agreement exists for the D’ masses. The acceptances and detection efficiencies for the two 

states are very different; our analysis at this point suggests that the branching fraction 

for Do -+ ti??i is approximately half that of Do ---* KCK-, or about .3%. This is 

approximately the level expected. 
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